Variation of electrochemical impedance with dislocation density was investigated using electrochemical impedance spectroscopy (EIS). For this purpose, EIS measurements were carried out on 10, 20, 30, 40, and 50% cold-rolled commercially pure copper in 0.1 M NaCl (pH = 2) solution. Nyquist plots illustrated that the electrochemical reactions are controlled by both charge transfer and diffusion process. Increasing dislocation density, the magnitude of electrochemical impedance of samples was decreased. Decreasing magnitude of impedance at intermediate frequencies indicated increasing double-layer capacitance. Charge transfer resistance decreased from value 329.6 Ωcm 2 for annealed sample to 186.3 Ωcm 2 for sample with maximum dislocation density (1.72 × 10 15 m −2 ). Phase angles were lower for samples that contained more dislocation density, indicating more tendencies to loss of electrons and releasing atoms into electrolyte.
Introduction
It has been reported that after deformation of a metal more than yield limit, hardening occurs which is due to multiplication and rearrangement of dislocations and the more severe the cold deformation, the more generation of dislocations [1] [2] [3] [4] .
Tensile properties of metals such as yield strength, ultimate tensile strength, and ductility depend heavily on density of dislocations. Also, dislocation density plays a significant role on brittle to ductile transition, fatigue, hardness, work hardening, and plastic behavior of metals and alloys [5] [6] [7] [8] . Furthermore, dislocations have considerable effect on physical properties of metals such as density [9] [10] [11] [12] , thermal conductivity [13, 14] , and electrical resistivity [9, 13, 14] .
In this respect, some researchers [5, 15, 16] have investigated density of dislocations by ultrasound waves and have proposed some relationships between dislocation density and changes in the speed of elastic waves propagation. Sablik and Landgraf [17, 18] , Kobayashi et al. [19] , and Yaegashi [20] reported some relationships between dislocation density and magnetic properties. Kikuchi et al. [21] investigated the relation between AC permeability and dislocation density in pure iron as well. Also, other researchers tried to correlate dislocation density with stored energy and critical transformation temperatures using differential scanning calorimetry [4, 7, 22] and high-resolution dilatometry [23] , respectively.
The strain field and energy of dislocation line intersects with metal surface increase the susceptibility of the metal to corrosion [24] [25] [26] . Since corrosion is an electrochemical degradation, electrochemical techniques can be utilized for studying the corrosion process. Electrochemical impedance spectroscopy (EIS) is one of the most useful, nondestructive, sensitive, powerful, and fastest electrochemical characterization techniques presently available [27] [28] [29] and is becoming a beloved analytical instrument in evaluation of electrical properties and interfaces of a wide range of materials. This technique includes a comparatively simple electrical measurements that can easily be automated, and its results become correlated with many complex materials variables [30] [31] [32] . Therefore, it seems that it can be used for studying the variation of dislocations density in a metal. Having this 2 ISRN Corrosion in mind, the aim of this work is to investigate the effect of dislocation density on electrochemical impedance in coldrolled copper using EIS.
Experimental
In order to prepare samples with different dislocation densities to perform electrochemical measurements, commercially pure (99.98%) copper strips were annealed at 500 ∘ C for 2 h, to remove residual stresses and obtain a recrystallized microstructure having the lowest dislocation density, followed by cold rolling at ambient temperature to obtain 10, 20, 30, 40, and 50% reductions in area.
Tensile tests were carried out on cold-rolled strips to determine the yield stresses of samples. In this regard, standard tensile specimens were cut from strips according to ASTM E8-04 with gauge length of 50 mm. Tensile tests were performed using a constant strain rate of 2 × 10 −3 s −1 . Samples for electrochemical tests were cut from crosssection of rolled strips. In order to avoid further deformation during cutting, samples were cut using electrodischarge machining (EDM) method. Samples and connecting copper wire were coated by Epoxy resin as to expose only one side of samples to solution. All samples were mechanically polished with silicon carbide abrasive paper down to 2000 grade, and then 0.05 m Al 2 O 3 slurry was used to get mirror-like finished surfaces. Finally, samples were ultrasonically washed in ethanol. This treatment ensures good reproducibility of electrochemical measurements. These specimens were used as working electrode in the EIS tests. The EIS measurements were done using potentiostat/galvanostat autolab.
To achieve the steady state open-circuit potential, specimens were immersed in the solution for 20 min. Impedance measurements were made at open-circuit potential using a sinusoidal signal of 10 mV amplitude and frequencies in the range of 0.01 Hz to 100 kHz in a conventional three-electrode glass cell containing an Ag/AgCl reference electrode and Pt counter electrode. All tests were performed in 0.1 M NaCl solution at room temperature and pH value of 2. At least three EIS tests were carried out for each sample. Figure 1 shows stress-strain curves of cold-rolled specimens. Dislocation multiplication and their interactions lead to increasing ultimate tensile strength, yield strength and decreasing ductility as plastic deformation increases.
Results and Discussion
Yield strength and true strain values of cold-rolled samples are listed in Table 1 . As it can be seen, yield strength has increased by cold working.
Empirical data achieved by numerous metals and alloys suggests that the yield stress of a metal is related to the total dislocation density by
where is a constant, average Taylor factor, 0 is friction stress that for FCC metals is equal to zero, is the shear modulus, is the length of Burgers vector, and is the measured dislocation density [7, 12, [33] [34] [35] . This relation has some theoretical bases and has been proved in many experimental works performed on metals and alloys [33] . Employing yield stress values obtained from stress-strain curves and the Taylor factor = 3.06, 0 = 0 for FCC metals, = 0.2, = 46 GPa, and = 2.5 × 10 −10 m for copper [36] , dislocation densities corresponding to each deformation in this work were calculated (Table 2) . Results were in a good agreement with former works by other researchers, for example [37] . As it can be seen, by increasing deformation, dislocation density is increased from 5.33 × 10 14 m −2
for annealed specimen to 1.72 × 10 15 m −2 for maximum deformed specimen (true strain = 0.4).
Cold working is capable of affecting not only the mechanical properties of metals, but also their corrosion behavior. However, there is not a clarified correlation between cold working and corrosion properties because the cold working influences differently the corrosion resistance depending on metal, deformation, and environment [38] . Diameter of the semicircles indicates charge transfer resistance. It can be seen that the diameter of the semicircles varies with the dislocation density of the samples and decreases by increasing dislocation density.
Corrosion of copper in NaCl solutions having low chloride concentrations occurs through the formation of CuCl which is not protective and is converted to CuCl 2 − by reacting with chloride ions. In this condition, CuCl 2 − is created at the metal surface and then diffuses into the bulk solution [41] [42] [43] . Reactions are as follows:
The cathodic reactions in this environment are oxygen and H + reduction according to
Here the semicircles are followed by a diffusion line at lower frequencies attributed to the diffusion of species to or from metal surface and illustrate that the electrochemical reactions are controlled by both charge transfer and diffusion process. According to the previous equations, corrosion of copper will depend on the movement of O 2 , H + , CuCl 2 − , and Cu + to and from metal/solution interface. On the base of mixed potential theory, enhanced movement of Cl − or CuCl 2 − , to or from the electrode surface, will increase the anodic reaction rate, while enhancement of O 2 and H + movement will accelerate the cathodic reaction rate; therefore corrosion rate, will increase. However, it has been reported that mostly transport of CuCl 2 − from metal surface to the bulk solution controls the corrosion rate [41, [44] [45] [46] .
Bode diagrams of samples are plotted in Figure 3 . Although the differences created are small, increasing dislocation density, the impedance magnitude of samples surface is decreased. The Bode plots show resistive region at high frequencies and capacitive region at intermediate frequencies but do not show a clear resistive region (horizontal line) at low frequencies. This strict descending behavior at low frequencies is due to Warburg impedance.
As mentioned previous, the magnitude of impedance in bode plot at intermediate frequencies is related to capacitive behavior of electrochemical system, and as seen, this value decreases by increasing deformation. Since this value of impedance is proportional to reciprocal of capacitance ( ∝ 1/ ), therefore double-layer capacitance will increase by increasing dislocation density. The double-layer capacitance is calculated by
where 0 is the vacuum permittivity, is the dielectric constant of the medium, is area of the electrode surface, and is thickness of double layers. Thus, since for all samples 0 and are constant and impact of surface areas was applied, increase of capacitance is due to the decrease of double-layer thickness.
Bode-phase plots of samples shown in Figure 4 are used for investigating the variations of phase angle and time constants with plastic deformation. All of these diagrams show two time constants, one at low frequencies that belongs to CuCl film and the other at higher frequencies referring to double layers. No changes in general shape of curves with increasing dislocation density show identical reaction mechanisms for all samples. As it is seen in bode-phase plots, generally, the more dislocation density the lower phase angle. Increasing surface energy of metal induced by dislocations, the tendency to loss of electrons and releasing atoms into electrolyte accelerates. Therefore after polarizing by a signal in EIS test, it is expected that current response in sample with higher dislocation density be faster, hence, phase angle at a constant frequency be lower.
A significant trouble for impedance spectroscopy at high frequencies is the parasitic segments and the phase angles linked to the potentiostatic control of the system [31] ; therefore this behavior of some points at high frequencies is attributed to this fact.
Using equivalent circuit shown in Figure 5 , the values of equivalent circuit parameters calculated by fitting of impedance spectra of samples are listed in Table 3 . In this equivalent electrical circuit (EEC), is the solution resistance, represents the capacitance of the double layers, ct the charge transfer resistance, and is the Warburg impedance.
Use of Constant Phase Element (CPE) instead of pure capacitance ( in the EEC) is due to making a good fitting. Constant phase element indicates the nonideal capacitive behavior of the electrochemical system because on the microscopic view, electrode surface is rough and inhomogeneous [30] .
As exhibited in Table 3 , the charge transfer resistance ct decreases while the Warburg impedance increases with increasing cold work. Thus, it can be concluded that the corrosion rate and the movement of ions within the corrosion product increase with increasing deformation. Decrease of charge transfer resistance with straining is chiefly ascribed to a higher migration of atoms from active sites in this environment. Figure 6 : Good agreement between the experimental and simulated data generated using the circuit.
Since dislocations enhance atomic migration, plastic deformation may promote and accelerate formation of surface CuCl film. As regards charge transfer resistance ct continuously decreasing with increasing deformation, it can be concluded that CuCl film formed on electrode surface does not have enough adhesion and compactness to protect the metal and is not able to prevent further dissolution of surface atoms of metal what has been reported by other researchers [41] [42] [43] .
In Figure 6 , white squares represent the measured data and solid line represents the best fit using the equivalent circuit shown in Figure 5 . It can be seen that there is a very good agreement between the experimental and simulated data generated using the EEC, indicating the validity of proposed EEC.
Conclusions
(1) Electrochemical impedance spectroscopy at corrosion potential is very sensitive to variation of electrochemical activity induced by dislocations.
(2) Semicircles in Nyquist plots are followed by a diffusion line at lower frequencies that illustrates that the electrochemical reactions are controlled by both charge transfer and diffusion process. (5) Bode-phase diagrams show two time constants and identical reaction mechanism for all samples.
(6) Increasing dislocation density leads to decreasing phase angle, indicating more tendencies to loss of electrons and releasing atoms into electrolyte.
